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LIST OF SYMBOLS

Ao

l
- Vector position of the upper attach point of actuator i

with respect to ti}eorigiI_ of the r,:ovingreference frame
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Ai ,m - Vector Ai expressed in _oving frame coordinates

Ax ,A y Az1,m 1,m' i,m - Components of Ai,m
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ii
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- Generalized acceleration limit

- Vector position of the lower attach point of actuator i

with respect to the origin of the fixed reference frame

expressed in the fixed frame coordinates

- Components of Bi

- Components of the length equation for actuator j which

are independent of the simulator position con:ponent x
S

- Identity matrix

Im,Jm,k m - Right-handed triad of unit vectors in the movin.o reference

frame

io,Jo,ko

lslJs_ks

- Right-handed triad of unit vectors in the fixed reference

frame

- Left-handed triad of unit vectors in the simulator

reference frame

- Vector in fixed reference frame from lower attach point

to upper attach point of actuator i
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- Generalized position limit

- Vector in the fixed reference from the origin of the

fixed reference frame to the origin of the moving

reference fra:;;e

- Components of

,i

T

- Vector in the fixed reference frame from the origin of

the fixed reference frame to the upper attach point of

actuator i

- Vector in the simulator reference frame from the origin

of the simulator reference frame to the origin of the

moving refere_ce frame

- Euler angle transformation matrix to transfo_i coordinates

in the moving frame to coordinates in the fixed frame

Tij
- Elements of T; i=1,2,3 and j=1,2,3

J

V_

X

Xm _Yti_Zlll

Xo _Yo 'Zo

Xs'YsIZ s

xl,yZ,z£

- Generalized velocity limit

- Generalized coordinate

- Moving frame coordinates

- Fixed frame coordinates

- Simulator coordinates

- Position li_:its in simulator coordinates
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Z _ - f_eutral position of the origin of the simulator frame

with respect to the fixed frame

_,O,@ - Euler angle orientation of the moving frame v,ith respect

to the fixed frame

§X, §y,-_Z
- Cc;.=poncntsof

- Generalized vector

- Generalized variable of integration for generalized

coordinate x

II - Denotes the magnitude of a vector

Subscripts:

m

o

s

- Moving reference frame

- Fixed reference frame

- Simulator reference frame

Superscripts:

T

X

Y

Z

- Transpose

- x component of a vector

- y component of a vector

- z component of a vector

A bar over a symbol denotes a vector

A dot over a s),_,boldenotes a derivative with respect to time

o

iii



SUMMARY

r,lotion system drive philosophy and correspo,,_ing real-time softv1arc

have been developed for the purpose of simulating tile characteristics of

a typical synergistic Six-Post r'_otior_ System (SPHS) on the Flight Simulator

for Advanced Aircraft (FSAA) at NASA-Ames which is a non-synergistic motion

system. This paper gives a brief description of these two types of motion

systems and the general method of producing motion cues on the FSAA. An

actuator extension transformation which allows the simulation of a typical

SPMS by appropriate drive washout and variable position limiting is des-

cribed.
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1.0 INTRODUCTION

The use of a moving-base flight simulator to supply motion cues to

the pilot requires an organized scheme of coordination, washout, and

limiting of drive conmlands to produce realistic cues while remaining

within the physical constraints of the motion system. The motion drive

software for both the SPMS at rIASA-Langley and the FS?_, at NASA-Ames is

based on the general techniques acveloped by Schmidt and Conrad [l and 2].

However, the design of the software for these two motion systems is highly

dependent on the specific system's characteristics.

A more involved problem is that of developing a scheme for producing

motion commands to the FSAA resulting in motion cues similar to those

produced by a typical synergistic SPMS. Such a scheme was required for

the purpose of evaluating different motion systems during a joint NASA/

USAF experiment recently conducted at Ames.

This paper includes a discussion of the characteYistics of a typical

synergistic SPMS and the non-synergistic FSAA. The motion drive software

for the FSAA is reviewed and the scheme for simulating a typical SPMS on

the FSAA is presented in detail.



DESCRIPTION OF NOTION SYSTENS

All moving-base aircraft simulators possess position, velocity, and

acceleration constraints which prevent them from exactly reproducing the

full motion histories of an aircraft. These constraints vary with the

number of desrees of freedom and performance limitations of any specific

motion system design.

,J

The FSAA at NASA-Ames consists of a transport-type cab integrated

into a system of drive mechanisms such as electrical motor/generator

combinations, drive belts, timing chains, a_d gears which form a six-

degree-of-freedom motion system [3]. A photograph of this system is

shown in Figure I. Although a detailed exposition of the performance

capability of the FSAA is not presented in this paper, a summary of this

capability is given in Table I. The FSAA is capable of motion in each

axis independent of the other axes (i.e., a non-synergistic system). The

current FSAA drive technique incorporates a velocity command scheme with

position, velocity, and acceleration sensors supplying feedback to the

software or the motion monitoring system. The most unique feature of

the FSAA is its ± 40. feet of lateral travel capability.

A typical SPMS consists of a cab mounted on a platform which is

driven by six servomechanisms utilizing hydraulically powered actuators

or legs. A photograph of such a system (the one at NASA-Langley) is

shown in Figure 2. A schematic representation of the actuator geometry

for this system is given in Figure 3. The points where the actuators

connect to the moving platform form an equilateral triangle and the

actuators have a minimum length of 8.60 feet (2.62 m) and a maximum

length of 13.58 feet (4.14 m), When all six actuators are at their

neutral position (midway between minimum and maximum extension) the

platform achieves a neutral height (Z*) of 8.33 feet (2.54 m). This

actuator gee_netry and tile performance capability presented in Table 2

(not exactly the capability of the t_ASA-Langley system) were considered

to be typical for the SP_IS model used later in this development. A

-2-
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typical SPMS does not have drive systems for each degreee-of-freedom but

achieves ,notion in all six degrees by a colnbination of actuator extensions

(i.e., a synergistic system). The transformation which converts simulator

position information to leg extensions for this type of system is discussed

in detail in this paper (Section 4.0).

J

_ _ Z" . _ .........................

-3-

f

i ._

i

i



L_

3.0 MOTIO_I SYSTEM DRIVE PHILOSOPHY FOR THE FLIGHT SIY.ULATOR FOR ADVANCED

AI RCRf',FT,(FSAA)

Designing the drive logic for any motion system involves establishment

of a scheme by which motion cues are transmitted to the pilot while keeping

the movement of the sil_ulator within its constraints. After a motion cue

has been transmitted, t!_e moticn system should return to its neutral posi-

tion without the pilot being aware of this movement. The resultant tendency

to keep the simulator near its neutral position maximizes the allowable

motion for subsequent cues.

The motion system drive philosophy for the FSAA involves producing

coordinated motion cues by generating high frequency translational and

rotational accelerations supplemented by low frequency forward and side

-forces via proper cab rotation (i.e., orientation of the pilot within the

gravitational field). The latter technique is con_nonly referred to as

"residual tilt". The major conject,,re in this philosophy is that very low

frequency accelerations are not sensed and/or are not important to the

pilot with respect to motion cue adequacy for most tasks of interest.

Other factors involved in the drive philosophy are discussed in detail in

[4].

A simplified schematic description of a typical simulation configura-

tion on the FSAA is shown in Figure 4 and a conceptual block diagram of

the motion system drive logic is presented in Figure 5. This diagram

presents the relationship between longitudinal translation and pitch motion

or the relationship between lateral translation and roll motion, since

these motion pairs are coupled in the same manner. The vertical transla-

tion and yaw motion of the simulator are treated independently. There is

no "residual tilt" term for the yaw axis and no compensation in the

vertical axis due to high frequency yaw rotations.

For the translational axes the pilot station accelerations are scaled

and passed tkrough second order hich pass filters. High frequency tr,_nsla-

tional acceleration CO:Tponents are then integrated to obtain wasi_ed out

-4-
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translationel velocity components. Similarly, rotational velocities are

obtained in roll, pitch, and yaw. The rotational velocities, however,

are still in tie aircraft Lody axes. Gimble angle transformation from

aircraft Lody axes to simulator cab axes produces simulator drive rota-

tional velocity CO,hands. These rotational rate co;_:ands are modified

by "residual tilt" terms computed frc;;_low frequency translational

accelerations. In order to give the effect of coordinated motion cues

the forward and side forces resulting from vlashed out high frequency

rotational rates are subtracted fron_ the high frequency translational

cues. The final translational rate commands are transformed from air-

craft body axes to simulator cab axes. Both the translational and

rotational velocity commands are software limited. To keep the simu-

lator from drifting, position feedback is used to compensate the out-

going velocity conTaands to the simulator.

_J
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4,0 ACUTATOR EXTENSION TRANSFOR!IATION FOR THE SYIiERGISTIC SIX-POST MOTIO:I
3

SYSTEM (SPMS).

To obtain actuator lengths from a given platform centroid position

a transformo.tion is required. This transfori;_._tion [5] transforms a given

vector of three translational positions and three rotational orientations

into six leg lengths of the six actuators.

The base platform and the moving platform are shown in Figure 6.

Consider each platform of the six-legged motion system to have an associ-

ated coordinate system as shown in Figure 6. The fixed reference frame

(Xo' Yo' zo) has its origin at the centroid of the fixed platform and the

moving reference fra_e(x m, Ym' Zm) has its origin at the centroid of the

moving platform. The two reference frames are both right-handed coordi-

_nate systems and their axes are aligned when the moving platform is at

its neutral position. For any actuator (i) the vector relationships

between the two reference frames are illustrated in Figure 7 and can be

expressed as

wI_ich yields

ri : Bi+_i

: 1

(i)
i = I,...,6

#i = Ai-Bi +R (2)

A graphical representation of these vectors for all six actuators

- is presented in Figure 8.

Equation (2) gives the orientation and length of each actuator as

a function of the dimensions of the fixed and moving (or payload) platform

and the orientation of the moving platform with respect to the fixed plat-

form. Equation (2) is expressed strictly in the fixed platform reference

frame. Hence, the vector Bi is known from the dir_ensioz_s and leg

attachment geometry of tke fixed platform (Table 3). However, the vectors

Ai and R are yet to be determined.

-G-
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If we define (To, Jo' ko) as the triad of unit vectors in the fixed

platform reference frame, we can represent _i' Ai' Bi and R as

- _-_x_o+__ - _,_

Ai:Axlio+AY_3o+A_ko

Bi _ lo Jo B_ ko
= °^ +Iy. +

> (3)

--R×_o+Iy]o+Rzko

It will be shown later that the components (Rx, Ry, Rz) can all be expressed

in terms of simulator coordinates (xs, Ys' Zs)"

D _

Defining (im' Jm' km) as the triad of unit vectors in the moving plat-

form reference frame and (_, e, ¢) as the ordered rotation in yaw, pitch,

and roll of the moving frame with respect to the neutral position in which

the moving and fixed frames are aligned (i.e., the moving axes are parallel

to the fixed axes), the relation between the two reference frames is given

by

m

lo

Jo

ko

--[t]

n

I
m

_

Jm

km

(4)

where [T] is the Euler angle transformation matrix and is expressed as

[T]:
I TI2 TI3

1 T22 T23

1 T32 T33

(5)

-?_



and

TII = cosvcoso

T21 : sin;.cose

T31 : -sine

TI2 = cos_sin0sin._
-sin_cos_

T22 = sinCsinosin_
+cos_.cos_

T32 = cosesin#

TI3 = cos,_.sinocos._
+sin_.sin¢

T23 = sin_sinecos#
-cos_sin#

T33 = cosecos¢

(6)

The vector from the centroid of the moving platform to the attach

point of any actuator (i) can be expressed in the moving frame as

Ai,m : Ax _ +Ay ] +Az m_-_m m l,m m I, ,.
i=I,...,6 (7)

,AY ,A_,m) are known from the qeometrywhere the components (A_, m 1,m i

of the moving platform (Table 3). The Ai vectors in the fixed frame are

then given by

Ai = [T] Ai,m i=l,...,6 (8)

and equation (2) can now be written as

_i = [T] Ai,m-Bi+R (9)

m_- __

L _ .;,T

To obtain the scalar form of the actuator extension transformaticn

given by equation (9) we multiply _i by its transpose _TI giving

_T_ _i : {[T] Ai,m-Bi+R} T {[T] A_,.,-Bi+R}

: ,_T _T xT+_T, - -
t i,mLIJ -_i _ {IT] Ai,m-Bi+R}

= X_,m[T]T[T ]  i,m÷ T i

-B_R RT[T] Ai,m-RTBi4RTR

f



-T_i _i = IAi,m 12-Ai-T,m[T]TBi+AT,m[T]TR-B_[T] Ai,m +IBi 12-_T_+_T[T] Ai,m

-RTBi+[RI2 (I0)

where we have used the fact that for Euler angle transforil_ation

[T]T[T] = I (ll)

and I is the identity matrix.

Using the general definition

_T_ = l;I : V §2+§2"4"@21
x y z

(12)

r'

,,P

-9-

S

-i

i

-jt



Equation (I0) can be written as
.2

l_iI2 : _Ti _i

= (A_ 2 y 2 z "2+,m) +(Ai, m) +(Ai,m)2+(I]x) (BY)2+(3_) 2

Ay z
-[AX,m 1,m Ai,m ]

+[AX,m AY AzI ,m i ,m]

T11

TI2

Tl3

Tl2

TI 3

l

TII TI2

T21 T22

T31 T32

T21 T31]r Bx ]

u

T21 T31

T22 T32

T23 T33

Rx

Ry

Rz

- "qx -
TI3 I ,m

T23 AY,m

az
T33 _ 1,m _

:m

Y
-[BX Bi xRy Rz ] ,X I

P;

_y. '
l

_z .
l '

+[RX RY Rz] "-TII

T21

T31

+(RX)2+(RY)2+(RZ )2

Tl2 Tl3

T22 T23

T32 T33

-_x --
1_Ill

A¥
1 _,Ill

Az
"J,m

(13)

- 10-
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Equation (13) can be simplified to yield

I_i12 = (RX)2+2RX(A_,mTII+AY,mTI _+AzL1,m T_-Bx)

x y z T -B y)+(RY)2+2RY(Ai,mT21+Ai,mT22+Ai,In 23 i

+(RZ)2+2RZ(A _ mTR1+ y z z,, ..... _i,mT32+Ai,mT33-Bi )

z 2 (BX)2+( y BZ)2+(AXl ,m)2+(AY'I ,m )2+(Ai,m) + Bi )2+( i"

x Ax +Ay T_^+A z
-2Bi( i,mT2l 1,m zL ,mT23 )

-2B; (A;,mT31 +AY,mT32+A; ,mT33) (14)

Equation (14) is still in terms of Rx, Ry and Rz. These quantities

are still unknown and need to be related to the translational position of

the simulator. In order to do this a transformation between the centroid

of the n_oving platform of the motion base at its neutral height and the

origin of the linear position follow-up measuring potentioneters is neces-

= k ) to measure the position of thesary. The coordinate system (_s as' s

simulator for the FSAA is a left handed coordinate system whereas the

coordinate system (_o' Jo' ko ) and (_m' am' km ) are right handed coordinate

systems.

,L

The different coordinate systems are shown in Figure 9.

arbitrary position of the simulator given by S defined as

For any

S : Xsls+YsJs+Zsks (15)

- 11-



the relationship between the componentsof the vectors R and S are given

as

and

where

R x = x S

Ry = y_

Rz = -(Zs+Z*)j

z* = neutral height = 8.33 feet

(16)

r

I

l



5.0 DRIVE PHILOSOPHY FOR SIMULATING AN SPMS ON THE FSAA

The drive philosophy adopted for sin tulating a typical SPMS on the FSAA

was to preserve the general strccture of the FSAA philcsophy (Fig_re 5) as

much as possible but to incorporate the synergistic effects of an SPFIS by

variable position limiting. This philosophy is somewhat different than one

that might be used for designing drive logic for a real SPMS. An example

of a real SPMS philosophy can be found in Reference 6.

A conceptual block diagram of the scheme developed for simulating an

SPMS is presented in Figure I0.

The current position of the FSAA is given by the vector (xs, Ys" Zs'

¢, B, _) at any instant of time as measured by the linear and rotational

position follow-up potentiometers. Conceptually, had there actually been
i

a six-actuator system the position vector (xs, Ys' Zs' ¢' o, ¢) would have

resulted from a certain specific combination of six-actuator lengths.

Hence, the measured position (xs, Ys' Zs' _' o, C,) is used in the actuator

transformation equation given by equation (14) to determine the six-actuator

lengths. The actuator transformation equation requires the six-actuator

motion base dimensions (Ai,m,Bi), components of the Euler angle transfor-

mation [T], and the coordinate transformation between the vectors R and

(equation (16)). These computations are done prior to using the actuator

transformation equation as shown in Figure lO. The s ' actuator lengths

are then compared with each other and using the longest and the shortest

actuators a prediction is made of the translational position limits (x_,

yc, z_) based on current position of the simulator. For the rotational

axes, fixed angular excursion limits are used. These six

limits restrict the subsequent _otion cue that can be transmitted to the

pilot. The details of the method of predicting the position limits are

given in Appendix A. The desired position commands from the FSAA washout

scheme are then compared to the six position limits. Based on this com-

parison the objective is to compute velocity limits. As shown in Figure lO

if a position limit is exceeded then the velocity limit is set equal to zero.

i

- 13-
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Otherwise, a position-velocity parabolic limiting is performed. This

parabolic limiting scheme is discussed in detail in Appendix B. The

desired velocity command as obtained fro,_ the FSAA r_otion washout is then

limited to the computed velocity limit. As a final limiting, this limited

velocity is compared _vith the past velocity co_mand to predict the result-

ing acceleration. The final velocity cont;r,and is then limited to produce

accelerations within the lower acceleration capability of the tv;omotion

bases. The outgoing velocity _s then compensated to prevent the simulatoF

from drifting.

- 1,t -



6.0 CONCLUDING REMARKS

This report has presented a technique of modeling synergistic

motion simulation on a non-synergistic motion simulator. Such motion

simulation softv:are can also be used for simulation of different types

of actuator driven motion simulators for evaluation, testing and re-

search purposes.

The report has discussed and compared the characteristics of a

synergistic actuator driven motion base and the FSAA which has a non-

synergistic independent axis driven system. The general problem of

the motion drive logic design has been discussed and the washout scheme

for the FSAA has been outlined. The limitations and the restrictions

of an actuator driven motion base have been incorporated into the motion

drive scheme of the FSAA.

This did not require major modifications to the FSAA washout scheme.

In particular, an actuator extension transformation is required but no

iterative inverse transformation is required.

Integrating this drive scheme v_ithin a recent KC-135 aircraft

simulation required some modification to the washout characteristics in

order to match the SPMS limiting envelope. However, the general opinion

was that the simulated SPMS gave the effect of an actuator driven motien

system.

It should be noted that only synergistic systems with performance

capability within that of the FSAA can be simulated with this scheme.

- 15 -
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APPENDIX A

METHOD FOR PREDICTING SPMS POSITION LIMITS

It h_s b_en shown that the lengths of the actuators I_il for a given

position (x s, Ys' Zs' #' o, ,<;) of the moving platform portion of a typical

SP_,:Swith actuator attachment geometry Ai,m and Bi can be expressed as

_ -B x12: x2+2x (Ax.. Tll+A '.,.T12+Az..,T13i)

Z

÷y_+2Ys(A_ T_.+A_ T^^÷A_,mT23-B_)
l_m £/ l_nl ZL 1

Ax y z z
+(Zs+Z*)2-2(Zs+Z*)( i,mT31_Ai,mT32+Ai,mT33-Bi )

2+ Az 2÷ x 2+ By 2+ z 2
÷(A_,m)2+(A_, m) ( i,m ) (Bi) ( i) (Bi)

x x +A_,mTI^+A _ 3)-2Bi(Ai,mTll L l,mTl

-2BY.(Ax T_+A y T^^÷A z
I 1,m Li l,m _z I,mT23 )

_2B_(AX,mT31 y z+Ai ,mT32+Ai ,roT33) (AI)

i = I,...,6

#.

These lengths can be used to predict the remaining travel which is crucial

in the determination of maximum motion cue generation capability of the

SPMS under consideration.

The displacement of a typical SPMS in any one degree-of-freedom

alters the maximum displacement that may then be achieved individually

in each of the remaining five degrees-of-freedom. Since there can be

almost an infinite number of possible combinations of the six displace-

ments for this type of system, there exist an equally l_rge number of

position limits. Hence, the set of position limits of an SPHS is not

fi_:ed and L_ust be deter_:_in_d for each set of displacements.

- 16 -



The following technique for predicting the position limits of an SPMS

;is similar to the one uscd at r_ASA-Langley on their synergistic motion base

[6]. This technique assumes that the most strict constraint on travel, at

any instant of time, is governed by the position of the shortest aF,d longest

actuator at that instant.

Having obtained the current six actuator lengths using equation (AI),

the maximum and minimum length actuators can be identified. The current

position limit for each axis is then determined by fixing the other five

displacements at their current values and choosing the value of the dis-

placement under consideration that is the minimum of (I) the value speci-

fied as an absolute limit, (2) the value which would produce maximu_ exten-

sion of the longest actuator, or (3) the value which would produce maximum

contraction of the shortest actuator.

As an example, consider the prediction of the current position limit

for x s. From equation (AI) we determine j such that

I jl_>I il , i = I,... ,6 (A2)

substituting iZjl for I_.il in equation (AI) we obtain

l_j 12 = x2+2Xs"sG'+E'jJ (A3)

where Gj and Ej are dependent on the other five degrees-of-freedom (Ys' Zs'

_, 0, _) at that instant and can be expressed as

G: = A_ _T,.+A# T,_+A_ T. -B x
j,m I, j,m l_ j,m 13 jJ

(A4)

- 17-
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and Ej y2+2y (Ax +AY,mT22+A_ T_-B y)= s s j,mT21 ,m zJ j

+A. T._+A. T**-B.)+(Zs+Z._2_2(Zs+Z.)(AX,mT3l'j y z z
J ,m J/ j ,n) jJ j

+(A× )2+(Az)2 .x,2 2" j,m" +(AY,m j,m (_j) +( )

-2B_(A] Tll+A y T +Az,m O,m 12 j,mTl3 )

-2BY(A_. T_.+A y T^^+A z,m zl j,m z/ j,mT23)

z x T_.+A y T_+A z-2Bj(Aj,m Jl j,m at a,mT33 ) (A5)

Equation (A3) is a quadratic equation in xs. Setting I[jl equal to its

maximum possible value, equation (A3) can be solved to yield the value

for xs when the longest actuator has reached its full extension. Because

of the motion limitations of the base no Ys' Zs' _' 0, _ combination can

be obtained that gives two roots of equation (A3) of the same sign. The

positive root is chosen if the xs velocity is positive. This causes the

longest actuator to be fully extended with xs ircreasing in value toward

the positive xs position. Similarly the negative root is chosen if the

xs velocity is negative.

Next, from equation (AI) we determine k such that

l kl ..< l il i = I,... ,6. (A6)

By setting l_k] to its shortest possible length and solving an equation
like

x_+2Gkx+E k : l_k 12 (A7)

where Gk and Ek are similar to Gj and Ej except for k replacing j.

quadratic ecuation (A7) is solved and the solution for the shortest

actuator is chosen in the same manner as for the longest actuator.

The

-18-
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Hence two predicted values of the maximum available x s excursion are

obtained. One is based on the longest actuator reaching maximum ex%ension

and the other is based on the shortest actuator reaching_ninimu_l extension.

These two values are compared with a specified absolute x s limit for the

system and the smallest of the three is chosen as the preJicted x li_;it.
s

In case of imaginary solutions for the quadratic equations the limit is

chosen as the specified absolute limit; i.e., imaginary solutions are

i gno red.

The same method is used for Ys and zs. Hov_ever, no prediction is

attempted for angular position limits. These limits are fixeo for the

system under consideration.

/



APPENDIX B

POSITION-VELOCITY P#,R/_BOZIC LIAITIt,_

Consider that any given axis _ of a motion base has hard constraints

given by

Position limit

Velocity limit

Acceleration limit

:

I 'l :a

Ignoring acceleration constraint, this axis of motion must be kept

within I§I _ p_ and lil_ v_ which is illustrated in Figure B.I.

-P_

v_,

-v_

k

P_
r

Figure P,.l- Positic, n-Velocity Limit Envelope

- __0-

f
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By definition,

d§ (Velocity)
_dt

d td-_, d ' •
"_ - did'd-{ ) = d'-t-.(i) = ___(_).d_d_t_= _dT_d_(Acceleration)

(Bl)

(E_2)

If vle wish to establish the conditions for a fixed (or li_,;iting)

acceleration,

set

§ = ±ag (B3)

Then equation (B2) yields

+a_ _ d_. :
(B4)

or

_a_d_= _d_

integrating,

or

where

(Bs)

(B6)

I,-2 C2,
±a_(x-x l) = _ix -,,i) (B7)

Since we wish to have zero velocity at our position limits, the

boundary conditions are

Xl : +P_ I

R1 = 0 .,

(_3)

- 21 -



Then equation (B7) yields

+_a_(x_p_) = _ A2
(B9)

or

I _2
x = _+2-aZ +P_

(BIO)

This expression contains the follov:ing four distinct possibilities

.2
X

x- P_ : a_T_

__2

x-P_:2T _

£2
x÷P£: a_ _

_R2
x+P£= a_ _

(BIt)

(BI2)

(B13)

(BI4)

These four equations are represented graphically in Figure B.2. Since

we are only concerned with the positions (x) within

-p_ x _+p_

only (BI2) a_d (BI3) need be considered. These two equations and their

graphic representation illustrate the fundamental parabolic nature of the

acceleration limiting of any _otion base simulator.

W_ •

L

- 22 -



Bll)

P£

"2
x

(B13) x+p_-

2a_

(Bl2)

Figure B.2: Position-Velocity Phase Plane
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Superimposing the velocity limit v_ on the parabolic limiting curves,

-the limiting envelope is as shown in Figure B.3.

-P_
| !

I-P_.

+V

XLIMIT

%

I
!

+P_ XDESIRED

Figure B.3: Position-Velocity Limiting Envelope

The limits given by Figure B.3 can be analytically expressed as follows:

| •

0 <Xdesired < p_ : XLIMI T = +v_ (BI5)

-p_ <Xdesired < 0 : XLIMIT : -v_ (BI6)

P_ <Xdesired < P_ & (Xcurrent'Xdesired)>O

then _(LIMIT : + V2ai(-P_-Xdesired )

P_ <Xdesired < P_ & (Xcurrer,t'Xdesired)<O

(Bl7)

then XLIMI T = +v_

- 24 -
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-P_ <Xdesired< -P_ & (Xcurrent-Xdesired) >0

then XLI_IT = - V2a_(Xdesired+P_ ) (BI9)

"P_ <Xdesired < -p_ & (XcuFrent'Xdesired)<O

then _LIMIT = -v_

& IXdesiredl> P_ : XLIMIT = 0

(B20)

(B21)

The condition (Xcurrent-Rdesire d) simply checks whether the simulator

is moving towards the parabolic velocity limit boundary or away from it

(equivalently, towards the center point or away from it).

- 25 -
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Figure 1: The FSAA Motion System [3]
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Figure 2: Langley Six-Degree-of-Freedom Motion Simulator [6]
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• ° Moving platform connect points

o - Fixed platform connect poirts

--_o 61a, _•
- . .... 0 _

/ / D>047 rad_"-'_n /

3.._3,, '_ _" ' _/.__
t 3.658m

Fron 1

Hmax : 3.608m t \

, _ ___/Lower bearing plane ___

0.373m Floor plane

i

Figure 3: Motion system in neutral, settled, and raised positions.

Actuator dimensions: Minimum length, 2.62m; maximum length,

4.14m. [5]
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Moving

platform

/_ixed platform

Yo

Figure 6: Coordinate Systems [5]
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Attachment point
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Figure 7: Vector Relationships for Actuator i [5]
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Figure 8: Arrangement of Actuators with Respect to Fixed

and Moving Platform [5]
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Figure 9: Relation Between Vectors R and

l •
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